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Introduction
Membrane emulsification (ME) was developed by Nakashima et al. [1] for making monodispersed emulsions over a wide spectrum of mean droplet sizes, ranging from about 0.5 µm to several tens of µm. ME involves the permeation of pure dispersed phase through a porous membrane into moving continuous phase (direct ME) or the passage of previously prepared pre-emulsion through the membrane (premix ME [2] ).
In direct ME, small droplets are directly formed at the pore openings and detached from the membrane surface by the shear stress in continuous phase. In premix ME, large droplets are disrupted inside the pores by applying high dispersed phase flux. The emulsion droplets prepared by direct ME are more uniform, but on the account of much smaller membrane productivity. The work carried out in the field of ME was reviewed by Joscelyne and Trägårdh [3] . ME is a suitable technique for producing all types of single and multiple emulsions, including novel M/W (liquid metal-in-water) emulsions [4] and S/O/W (solids-in-oil-inwater) emulsions [5] . Nowadays, ME is mostly used for the small-scale production of highly advanced products (droplets or particles) with precisely controlled properties for electronics, medical care, functional food, analytical proposes, etc. These applications include the preparation of multiple emulsions for drug delivery systems (DDS), solder particles for surface mount technology [4] , solid microcarriers for the encapsulation of a drug or nutrient using solid edible oil at an elevated temperature [6] , silica powder for HPLC [7] , monodispersed polymer microspheres, etc. The microspheres prepared by ME have been investigated as packings for analytical columns [8] , carriers of enzymes [9] , spacers for liquid crystal displays [7] , and core particles for toner application [10] .
A special type of DDS prepared by ME has been clinically tested for the arterial injection chemotherapy of liver cancer by Higashi et al. [11] . A promising large-scale application of ME in food industry is the production of low-calorie spreads [12] , such as margarine (W/O emulsion) containing up to 75 vol. % of dispersed water phase [7] .
Shirasu porous glass (SPG) membrane developed by Nakashima and Shimizu [13] was used as a dispersion medium in the majority of the above mentioned applications.
Under the same process conditions and for the same pore size and phase compositions, SPG membrane gives more uniform droplets than α-Al 2 O 3 membrane and seems to be even competitive with a microchannel plate [14] . A disadvantage of SPG membrane is a low dispersed phase flux through the membrane, which is necessary to obtain a narrow droplet size distribution by direct ME. In order to overcome this disadvantage, a new asymmetric type of porous glass membrane was recently developed and tested by Kukizaki et al. [15] .
In spite of considerable amount of work carried out in the field of ME in the last decade, the influence of process parameters on droplet size distribution was not yet fully investigated. Furthermore, in some investigations only the mean droplet diameter was given as a parameter of distribution, although the width of droplet size distribution is a key emulsion property in the case of ME. The aim of this study is to investigate the influence of transmembrane pressure, wall shear stress and dispersed phase content, i.e. emulsification time on the shape of droplet size distribution curve of O/W and W/O/W emulsions prepared using SPG membranes. In addition, the stability of O/W emulsions has been studied over long periods of time, ranging up to 159 days. In all previous studies reported in the literature, the stability of O/W emulsions prepared by ME has been investigated over limited storage time ranging from 24 hours [16] 2.3. Experimental set-up and procedure O/W emulsions were prepared using a cross-flow ME system described elsewhere [14, 18] . vol. % on a relative cumulative droplet size distribution curve.
Results and discussion

Dynamic interfacial tension of emulsifier (Tween 80) solutions
The adsorption kinetics of emulsifier at oil-water interfaces plays an important role in ME. The slower the occupation of newly formed interfaces by the emulsifier, the higher the tendency of droplets to coalesce at the membrane surface. Fig. 2 shows the interfacial tension between the aqueous and oil phase as a function of time for Tween 80 at two different concentrations above CMC. Dynamic interfacial tension was measured by the bursting membrane method [19] . The distance between the bursting membrane and oil-water interface was 20 mm to exclude the effect of emulsifier diffusion to the interface on the measured interfacial tensions. According to Stang et al. [19] , for small distances between the membrane and the interface of 6-23 mm, the measured γ values are independent on this distance, i.e. the system is not diffusion-controlled. As shown in 
Influence of process parameters on droplet size distribution
The influence of transmembrane pressure on droplet size distribution for the 4.8-µm SPG membrane is shown in Fig. 3 . Even at ∆p tm /p cap = 5.7 corresponding to a dispersed phase flux of 77 l m -2 h -1 (Fig. 4) the span of droplet size distribution was still rather small (0.52), but nevertheless significantly larger than at ∆p tm /p cap = 2-3. The formation of larger droplets with diameters between 22 and 34 µm was the main reason for the broadening the droplet size distribution curve at the higher ∆p tm /p cap values.
For the conditions given in Fig. 4 , the dispersed phase flux J d was proportional to ∆p tm 2.3 , which was due to a higher proportion of active pores at the higher pressure. E.g., was calculated from the dispersed phase/pure water flux ratio, using the model given in our previous study [18] . The direct microscopic observation of pore activation is possible only at very small dispersed phase fluxes and low wall shear stresses.
Abrahamse et al. [20] found that in ME with a thin micro-engineered microsieve possessing highly uniform pores, 16 % of the pores was active at ∆p tm /p cap = 3. The fact that all the pores did not become active at the same critical pressure although they had the same diameter, Abrahamse et al. [20] explained by a pressure drop under the membrane as soon as oil phase flows through some pores, preventing other pores to become active. They found that the proportion of active pores increased linearly with increasing transmembrane pressure, which was similar to our results given in Fig. 4 . The span of droplet size distribution linearly decreased with increasing σ w up to 30
Pa, and then increased with the further increase in σ w (Fig. 6 ). The increase in the span as σ w increased from 30 to 40 Pa was due to the formation of smaller droplets at 40 Pa, while the maximum droplet size was the same at both σ w values (Fig. 5) . The broader droplet size distribution at σ w = 40 Pa can be explained by: (a) partial droplet disruption outside the membrane tube caused by high recirculation rate (v c = 3.5 m/s) and/or (b) too intensive droplet deformation before detachment from the pore tips.
The influence of dispersed phase content on droplet size distribution during ME was little investigated in the literature. Fig. 7 demonstrates that at the small ∆p tm /p cap ratios the droplet size distribution curve has a similar shape in the range of ϕ between 1. simultaneously active in droplet formation during the operation. The same type of behaviour was found in ME with α-alumina and zirconia membranes [22, 23] . It is reasonably to suggest that when t → 0, only the largest pores are partially active, while the smallest ones are completely inactive. In the subsequent stage of operation, the smaller pores are gradually activated and as a result, minimum droplet size decreases.
The pore activation till steady state is a slow process at the small ∆p tm /p cap ratio, so that for the conditions is in Fig. 8 , the stationary state was not yet established after 5 hours of operation.
The droplet size distribution of O/W and W/O/W emulsions prepared using the same 5 µm-SPG membrane is compared in Fig. 9 . There is no significant difference in the shape of the size distribution curve of pure oil droplets of an O/W emulsion and W/O drops of W/O/W emulsion, if they are prepared under the same conditions. The inner water droplets produced using the microfluidizer ® are highly polydispersed, while the -10-outer drops prepared by ME are relatively uniform. With decreasing transmembrane pressure, the size distribution curve of W/O drops shifts to smaller diameters and exhibits a higher peak, which was also found for O/W emulsions (Fig. 3) .
Stability of prepared O/W emulsions
The variation of droplet size distribution with time was investigated during stationary storage of samples in a glass cylinder at room temperature (20-25 °C). Due to relatively large mean droplet size in this study, the samples formed a dense creamed layer after only several hours of stationary storage, so that virtually over the whole storage time oil droplets were highly concentrated in a creamed layer. In spite of that, the droplets were stable and no appreciable change in the mean droplet size or the span of distribution was observed over 3 months, as shown in Fig. 10 . The stability of oil droplets mainly depended on the initial uniformity, while mean droplet size was not an important factor.
If the droplets in fresh samples were highly uniform, like in Fig. 11 , the droplet size distribution did not change significantly even after 5 months. The micrographs shown in Fig. 12 indicate that the oil droplets are still uniform 1-2 months after preparation, irrespective of the mean droplet size. Asano and Sotoyama [18] have investigated the stability of O/W food emulsions prepared using MPG membranes. They found that after a month at room temperature the coefficient of variation of mean droplet size increased by 15, 7, 0, and 4 % for 1.1, 2.9, 4.5, and 5.7-µm membrane. In the present work, after 3 months the span of distribution did not change (Fig. 10 ) and after 159 days it increased only by 6 % for 6.6-µm membrane. The similar type of behaviour was found for other pore sizes. 
Conclusions
